We report on the realization of wide band gap ͑5-6 eV͒, single-phase, metastable, and epitaxial Mg x Zn 1Ϫx O thin-film alloys grown on sapphire by pulsed laser deposition. We found that the composition, structure, and band gaps of the Mg x Zn 1Ϫx O thin-film alloys depend critically on the growth temperature. The structural transition from hexagonal to cubic phase has been observed for ͑Mg content greater than 50 at. %͒ (1уxу0.5) which can be achieved by growing the film alloys in the temperature range of 750°C to room temperature. Interestingly, the increase of Mg content in the film has been found to be beneficial for the epitaxial growth at relatively low growth temperature in spite of a large lattice mismatch between sapphire and cubic MgZnO alloys. According to the phase diagram of ZnO-MgO binary system, the thermodynamic solid solubility of MgO in ZnO is less than 4 mol %.
ZnO is a II-VI wide band gap ͑3.3 eV͒ semiconductor used in optical and electronic device applications such as solar cells, transparent conductors for displays, light emitters, sensors, varistors, modulators, and UV detectors. 1 In the context of optoelectronics, its direct band gap and a large exciton binding energy are useful for efficient operation of optical devices. Additionally, it can be alloyed with MgO ͑also II-VI material͒ in order to tailor the band gap as recently demonstrated by Kawasaki and Koinuma et al., 2 Minemoto et al., 3 Narayan et al., 4 Park et al., 5 and by our group. 6 Moreover, further studies reported by the group of Narayan et al. demonstrated that the alloying of MgO with ZnO up to 20% (Znϭ0% -20%) resulted in a cubic phase. 7 According to the phase diagram of ZnO-MgO binary system, the thermodynamic solid solubility of MgO in ZnO is less than 4 mol %. 8 Also, note that ZnO has a wurtzite, hexagonal structure ͑aϭ3.24 Å and bϭ5.20 Å͒, while MgO has a NaCl type cubic structure (aϭ4.24 Å). In spite of a large structural dissimilarity between ZnO and MgO, A. Ohtomo et al. 2 reported the solid solubility of MgO in ZnO to be 33 mol % for the thin-film alloys grown under metastable conditions. Above 33%, MgO was reported to segregate from the wurtzite MgZnO lattice limiting its maximum band gap to 3.9 eV. Shown in Fig. 1 is the summary of the band gap in thin films grown by pulsed laser deposition ͑PLD͒ as a function of Mg content in ZnO and their optical properties. The films grown at 750°C and oxygen pressure of 10 Ϫ4 Torr for composition range of xϭ0 to 0.3 are singlephase having wurtzite hexagonal structure. The Mg x Zn 1Ϫx O thin film alloys with Mg content more than 33 mol % results in a mixed phase as evident from the transmittance spectra ͑Fig. 1͒ ͓phase segregation is also evident from x-ray diffraction ͑XRD͒ data, not shown͔. Two optical absorption edges at around 330 and 200 nm are the result of phase separation into hexagonal and cubic MgZnO alloys.
In this letter, we report the synthesis of epitaxial and single-phase cubic MgZnO films having a band gap in the range of 4.0 to 6.0 eV. We show that the metastable phases having a composition range of xϭ0.5 to 1 can be obtained by controlling the growth temperature.
The Mg x Zn 1Ϫx O films of various compositions were grown onto c-plane ͑0001͒ sapphire substrates by PLD. A Mg 0.5 Zn 0.5 O target was ablated by a KrF ͑ϭ248 nm and ϭ20 ns͒ pulsed excimer laser. Using this single target films were grown from room temperature ͑no intentional heating͒ to 750°C in an oxygen background pressure of 5 ϫ10 Ϫ4 Torr. 9 The composition in the film alloy can be precisely controlled by growth temperature as discussed in the next sections. The crystalline quality of the alloy films was evaluated using four-circle XRD, Rutherford backscattering spectrometry ͑RBS͒, and ion channeling. ties were studied by UV-visible spectroscopy via transmission measurement at room temperature. The surface morphology was investigated by atomic force microscopy ͑AFM͒. Figure 2͑a͒ shows transmittance spectra of Mg x Zn 1Ϫx O films grown at various temperatures. The transmission spectra of the films indicate: ͑1͒ optical transparency over 85% including the film grown at room temperature, ͑2͒ oscillations in their transmittance, ͑3͒ shift of the absorption edge to lower wavelength with increase in growth temperature, and ͑4͒ a sharp absorption edge for all as-grown MgZnO alloys films. The band gap energy of the alloyed films can be obtained from the transmittance spectra. The growth temperature dependence of the band gap energy and Mg content in the films are shown in Fig. 2͑b͒ . At 750°C, the band gap energy can not be exactly determined owing to the data points from transmittance spectra being out of range. Both band gap energy and Mg content show linear dependence on the growth temperature. Note that the films grown at room temperature have a composition very close to that of the target. The composition variation in the films as a function of the growth temperature can be explained by the difference of vapor pressure between Mg and Zn species at high growth temperatures.
2 Zn-related species have a higher vapor pressure and can be easily desorbed at higher growth temperature yielding Mg enriched films. Effectively, there is a higher Mg concentration as compared to Zn in the alloy films when grown at higher temperatures. Our RBS results on composition analysis indicate that the Mg atomic fraction can be varied from about 0.5 ͑i.e., 50 mol %͒ at room temperature to 0.86 ͑i.e., 86 mol %͒ at 750°C growth temperature ͓Fig. 2͑b͔͒. Such a fine control on Mg/Zn ratio by the temperature during growth process results in realization of MgZnO alloys films with band gap from 5.0 to 6.0 eV. Figure 3 shows XRD -2 scans of the alloy film with composition of Mg 0.86 Zn 0.14 O grown at 750°C. The peak at 2ϭ36.70°corresponds to ͑111͒ orientation of the cubic structure with lattice parameter aϭ4.24 Å which is close to MgO lattice constant. For the entire range of growth temperatures, the alloy films having composition range of x ϭ0.5 to 1.0 show only ͑111͒ orientation corresponding to the cubic phase. No signatures of the wurtzite phase ͓peak at 2ϭ34.40°for ͑0002͒ orientation͔ were observed. We have also observed from XRD -scans that the films showed a strong texturing along in plane even for the films grown at room temperature.
We have summarized in Fig. 4 the band gap relations in MgZnO alloys for Mg varying from 0% to 100%. We have also verified, as shown in Fig. 4 , the dependence of the band gap energy of the MgZnO alloys as a function of composition by a virtual crystal approximation assuming the band gaps for MgO ͑cubic system͒ and ZnO ͑cubic system͒ 9,10 to be 7.9 and 3.27, respectively. The band gaps of the MgZnO alloys for xϭ0 to 0.3 were taken from reported data by Ohtomo et al.
2 that correspond to the hexagonal Mg x Zn 1Ϫx O films. The data for virtual crystal approximation was derived from
͑1͒
From Eq. ͑1͒, the band gap energy of cubic Mg x Zn 1Ϫx O films seems to be linearly dependent of Mg content close to that of our experimental results and has a relation as As discussed previously, the maximum solubility limit of ZnO in MgO under equilibrium conditions is expected to be about 4%. However, our results indicate substantial solid solubility under metastable thin-film growth conditions. These results primarily indicate that the Mg solid solubility increases with reducing growth temperature, which results in wider band gap thin films. To confirm that these alloys are metastable phases, the films were subjected to a rapid thermal annealing ͑RTA͒ at 750°C for 1 min. Figure 2͑a͒ shows the transmittance spectra for the RTA film showing two absorption edges at around 350 and 250 nm indicating phase separation in to wurtzite and cubic phases.
As noted in the structural properties of the wide band gap cubic films, we observed texturing in the as-grown films on sapphire ͑0001͒. Our detailed analysis on XRD rocking curve full width at half maximum ͑FWHM͒ for the cubic alloys as a function of growth temperatures is given in the inset of Fig. 3 . The FWHM of the films grown at 750°C is about 0.38°, which is typical for metal-oxide films grown on lattice mismatched substrates. 11 The lattice mismatch between cubic Mg x Zn 1Ϫx O alloys and sapphire substrate is about 8.3%. In spite of the large lattice mismatch, epitaxial growth of MgZnO alloys at relatively low growth temperatures is interesting. It must be attributed to the soft nature of ionic character of the alloys due to excess Mg-O ionic bonding and low energy oxide-oxide interface between the sapphire substrate and the film. The epitaxy of cubic alloy film with sapphire was also confirmed by ion channeling experiments. Figure 5 shows the typical random and aligned RBS spectra of Mg x Zn 1Ϫx O films grown at 750°C. The min ͑minimum yield͒, the ratio of the backscattered yield with the beam incident along ͓111͔ ͑aligned͒ to that of a random direction, is plotted as a function of growth temperature in the inset of Fig. 5 for the near surface region. The channeling effect has been observed for the films grown above 300°C with a minimum yield of about 10% near the surface. The Zn and Mg signals in RBS spectra and the corresponding ion channeling clearly indicate that the Zn is substituted for Mg in the cubic lattice and thus forms the alloy. From AFM results, the root-mean-square roughness for the alloy films grown at temperature below 500°C was about 1 nm indicating a flat surface.
In conclusion, cubic Mg x Zn 1Ϫx O alloys films having band gap energy above 5.0 eV have been realized by PLD. The band gap energy and the metastable structure of the films have been controlled by the growth temperature. The dependence of the band gap on the growth temperature is attributed to the change in Mg/Zn ratio due to differences in vapor pressures at these growth temperatures. Highly ͑111͒ oriented and single-phase films have been obtained for the entire range of growth temperature from room temperature to 750°C. The wider band gap cubic MgZnO alloys with an ease of epitaxial growth on the lattice mismatched substrates at relatively low growth temperatures create an opportunity for fabrication of optoelectronic devices. 
